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Abstract

Right ventricular (RV) failure is associated with poor outcomes in pulmonary hypertension (PH). We sought to phenotype the RV
in PH patients with compensated and decompensated RV function by quantifying regional and global RV structural and functional
changes. Twenty-two patients (age 51 £ 11, 14 females, mean pulmonary artery (PA) pressure range 13—79 mmHg) underwent
right heart catheterization, echocardiography, and ECG-gated multislice computed tomography of the chest. Patients were divided into
three groups: Normal, PH with hemodynamically compensated, and decompensated RV function (PH-C and PH-D, respectively). RV
wall thickness (WT) was measured at end-diastole (ED) and end-systole (ES) in three regions: infundibulum, lateral free wall, and
inferior free wall. Globally, RV volumes progressively increased from Normal to PH-C to PH-D and RV ejection fraction decreased.
Regionally, WT increased and fractional wall thickening (FWT) decreased in a spatially heterogeneous manner. Infundibular wall stress
was elevated and FWT was lower regardless of the status of global RV function. In PH, there are significant phenotypic abnormalities
in the RV even in the absence of overt hemodynamic RV decompensation. Regional changes in RV structure and function may be

early markers of patients at risk for developing RV failure.
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Introduction

Characterization of right ventricular (RV) function is essential
for assessing prognosis and in the selection and monitoring of
therapeutic intervention in pulmonary hypertension (PH).!
However, current markers of RV failure that have been associated
with poor outcomes only recognize end-stage disease. The RV
remodeling process preceding ventricular failure in PH has
yet to be phenotyped, due to limitations of current methods of
evaluating RV function. Given the unique 3D structure of the
RV, regional assessment may be of value in understanding the
mechanics of response to chronic pressure overload.

We evaluated RV structure and function with a novel
method, electrocardiogram (ECG)-gated multislice computed
tomography (MSCT), which is of sufficient spatial resolution to
image the normally thin RV wall>** while also taking into account
the complex 3D structure, with the goal of providing insight into
the phenotype of RV adaptation to pressure overload. Regional
RV structure and function were quantified in three groups of
patients: Normal, PH with hemodynamically compensated, or
decompensated RV function (PH-C and PH-D, respectively).

Methods

Study setting

Patients referred to the University of Pittsburgh Pulmonary
Hypertension Program and undergoing right heart catheterization
for evaluation of PH were eligible for enrollment in this prospective
study. The protocol was approved by the University of Pittsburgh
Institutional Review Board and all patients signed written
informed consent. Inclusion criteria were: (1) age >18 years;
(2) clinically indicated right heart catheterization, transthoracic
echocardiogram, and MSCT of the chest for the evaluation of
known or suspected PH as is standard of care at our institution.
Exclusion criteria were: (1) international normalized ratio >1.6;
(2) platelet count <50,000; (3) unable to lay flat for procedures;
(4) known allergy to intravenous contrast; (5) serum creatinine
greater than 2.0; and (6) known arrhythmia precluding adequate
gating for MSCT.

At the time of study enrollment, patients were divided into
one of three groups based upon hemodynamic parameters:
Normal (normal pulmonary artery [PA] pressure, defined as
mean PA pressure <25 mmHg), PH-C (PH with hemodynamically
compensated RV function, defined as mean PA pressure
>25 mmHg and right atrial [RA] pressure <10 mmHg), PH-D
(PH with hemodynamically decompensated RV function, defined
as mean PA pressure >25 mmHg, and RA pressure >10 mmHg?).
There were no patients with mean PA pressure <25 mmHg and
RA pressure 210 mmHg.

Gated cardiac MSCT

Image acquisition was supervised by any of three experienced
cardiac radiologists (JL, CD, and OG) blinded to the patients’
other data. The majority of patients were scanned on a GE
Lightspeed 16-slice scanner (n = 13); however, as scanner
technology evolved, the remainder (n=9) were scanned on a GE
VCT 64-slice scanner (General Electric Healthcare; Milwaukee,
WI, USA).

B-Blockade for MSCT imaging

Patients were given -blockers to achieve an optimal scanning
heart rate of less than 70 bpm (50 mg metoprolol 30 min prior to
scanning). MSCT imaging was performed regardless of whether
or not B-blockers were given. f-blockers were withheld for any of
the following: prior adverse reaction to B-blocker, bronchospastic
disease, or high degree atrioventricular block. Additionally,
hemodynamic criteria were developed for the administration
of B-blockers to PH patients: RA pressure <12 mmHg, cardiac
index >2.0 L/min/m?, PA systolic pressure <120 mmHg or mean
PA pressure <80 mmHg.

MSCT scanning protocol

Intravenous contrast was timed for the main PA utilizing test bolus
technique and a dual barrel power injector (Stellant-D, MEDRAD
Inc, Pittsburgh, PA, USA). A test bolus (15 cc Visipaque 320
[Iodixanol, GE Healthcare, Milwaukee, WI, USA], 30 cc saline

'Cardiovascular Institute; 2Department of Bioengineering; *Department of Radiology; “Department of Critical Care Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA.

Correspondence: MA Simon (simonma@upmc.edu)
DOI: 10.1111/j.1752-8062.2009.00134.x

294 CTIS VOLUME 2 - ISSUE 4

WWW.CTSJOURNAL.COM



Simon et al. ® PHENOTYPING THE RIGHT VENTRICLE

flush at 4-5 cc/sec) was followed by the scanning bolus (50-60 cc
Visipaque, 50 cc mix of 30% Visipaque/70% saline, 50 cc saline
flush at 4-5 cc/sec). Helical, retrospective ECG-gated images
were obtained through the chest from diaphragm to lung apices
during a single breath hold. Scan parameters were: kV 120; mA
approximately 400 without ECG-dose modulation; rotation time
350 msec; pitch dependent on heart rate; 1.25 mm slice thickness
(for 16 detector scanner); kV 120, mA approximately 500 with
ECG-dose modulation adjusted to peak at 65-80% R-R interval;
rotation time 350 msec; pitch dependent on heart rate; 0.625 mm
slice thickness (for 64 detector scanner).

MSCT post-processing

Axial source images were reconstructed on a GE ADW workstation
with version 4.3 software (General Electric Healthcare, Milwaukee,
WI, USA) in 1.25 mm thick slices from 5% to 95% of the ECG R-R
interval in 10% increments. RV function was measured utilizing
standard summation of slab volume technique as has been used
in evaluating left ventricular volumes. The endoluminal borders
of the RV in each slice were manually traced from apex to the
tricuspid valve plane in both end-systole (ES) and end-diastole
(ED). The RV outflow tract region was included to the level of the
pulmonic valve. Wall thicknesses were measured in the short axis
modified to view the RV outflow tract (infundibulum) in ES and
ED. Regional wall thicknesses were measured at the infundibulum,
lateral RV free wall, and inferior free wall. Regional wall fractional
thickening was calculated as the difference between end-systolic
and end-diastolic wall thicknesses divided by the end-diastolic
wall thickness (WT).

Transthoracic echocardiography

Echocardiography was performed with a GE-Vingmed Vivid 7
system (GE Vingmed Ultrasound, Horten, Norway). Standard 2D
views, pulsed and continuous wave Doppler measurements were
obtained as per current recommendations.®” RV end-diastolic
area (RVEDA) and RV end-systolic area (RVEDA) were measured
from the apical 4-chamber view to calculate RV fractional area
change [RVFAC = (RVEDA - RVESA)/RVEDA) x 100].%

Infundibular wall stress

Infundibular end-systolic wall stress was calculated according to
the law of LaPlace, assuming the geometry of the RV outflow tract
to be a thin-walled tube to yield the equation: o = Pr/h, where P
is the RV systolic pressure, r is the radius of the RV outflow tract,
and h is the end-systolic WT of the infundibulum.

Statistics

Correlation coefficients between various parameters from MSCT,
echocardiography, and right heart catheterization were calculated.
Between group differences were calculated using one-way ANOVA
with a Tukey post hoc analysis for normally distributed variables
and the Kruskall-Wallis nonparametric test for independent
samples with a Dunn post hoc analysis for non-normally distributed
variables. All statistical calculations were made using SPSS for
Windows, version 14 (SPSS, Inc., Chicago, IL, USA).

Results
Patient characteristics

Six patients had normal PA pressures. Etiology of PH in
the remaining 16 patients was idiopathic pulmonary fibrosis
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(n =5), sarcoidosis (n = 3), connective tissue disease (n = 3),
familial (n=1), thromboembolic disease (n=2), portopulmonary
hypertension (n = 1), and idiopathic (n = 1). Patients with PH
had greater mean PA pressure, transpulmonary gradient, and
pulmonary vascular resistance (48 + 18 vs. 19 + 4 mmHg; 38 + 19
vs. 8 +3 mmHg; 10.8 £ 7.4 vs. 1.4 £ 0.5 Woods units; respectively,
all p < 0.001). Characteristics of the three groups as defined by
mean PA pressure and RA pressure at study entry (Normal, PH-C,
and PH-D, as defined above) are presented in Table 1. There was
a stepwise decrease in functional status, as measured by 6-minute
walking distance or WHO classification, and hemodynamics
over the three groups. PH-D subjects had a significantly longer
duration of disease and higher PA pressures indicative of more
severe PH than PH-C subjects.

Many patients were not given 3-blockers (1 =7) based upon
the hemodynamic criteria we established. Despite this, average
resting heart rate for MSCT scanning was 76 + 14 bpm (range
53-98 bpm) and the RV MSCT protocol yielded images capable
of being analyzed for RV function in all subjects, regardless of
heart rate. Representative multiplanar reformatted images are
shown in Figure 1. RV ejection fraction (EF) calculated by MSCT
correlated well with RV FAC calculated by 2D echo (R* = 0.66,
p<0.001).

Global RV and LV function

MSCT data across the three groups (Table 2) showed a stepwise
increase in RV end-systolic volume and decrease in RV EF and
RV stroke volume. LV volumes decreased across groups with
preserved LV EF. The ratio of RV end-diastolic volume to LV
end-diastolic volume increased across groups and negatively
correlated with RV FAC (R? = 0.57, p = 0.0002). Inferior vena
cava cross-sectional area increased only in PH-D (526 + 105,
526 * 165, 799 + 170 mm? for Normal, PH-C, and PH-D,
respectively; p < 0.05 for PH-C vs. PH-D), consistent with an
increased right-sided filling pressure. Thus, these patients have
isolated RV dilation and dysfunction causing impaired LV filling
via ventricular interdependence.

Regional RV structure and function

End-diastolic WT at the infundibulum increased across groups,
with a statistically significant difference between Normal and
PH-D groups (Figure 2). This was associated with a significant
decrease in infundibular wall fractional thickening in PH-C
compared to Normal, with no further difference between PH-C
and PH-D. Thus, regional RV function at the infundibulum
decreased to the same extent in both PH groups, regardless of
hemodynamically defined RV function. The lateral RV free wall
followed the same trend as the infundibulum. The inferior RV
wall had a slightly different pattern of remodeling in which WT
was markedly increased in PH-D compared with both PH-C and
Normal as opposed to a gradual increase across the three groups.
However, this was not associated with any significant changes in
fractional wall thickening (FWT).

Infundibular end-systolic wall stress increased in PH-C
compared to Normal (p = 0.02) without change in WT (Figure 3).
End-systolic wall stress remained at this elevated level in PH-D in
spite of a significant increase in WT. The increased wall stress was
aresult of increased pressure (Table 1) and infundibular diameter
(20 + 3,26 * 5,29 + 7 mm, respectively for Normal, PH-C, and
PH-D; p = 0.02), although proportionally pressure increased
much more than diameter (PH-D RV systolic pressure 236%
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Normal PH-C PH-D P
N 6 8 8
Demographics
Age (years) 46+ 8 54 £ 11 5112 NS
Female gender 5 (83%) 4 (50%) 5 (63%) NS
Length of disease (months) NA 6+8 22 +25 0.04
WHO class 1.8+ 0.8 23+09 3.1 £0.8* 0.03
6-min walking distance (meters) 413 + 56 333 + 87 196 + 118* 0.004
Hemodynamics
Heart rate (bpm) 687 71 £13 88 = 10* 0.01
RA pressure (mmHg) 7 5+3 15 £ 3* <0.001
RV systolic pressure (mmHg) 28+ 4 57 + 20* 94 + 22* <0.001
Mean PA pressure (mmHg) 19+4 34+ 11% 62 + 12% <0.001
PCWP (mmHg) 1+ 9+4 10+3 NS
TPG (mmHg) 9t4 26 + 15* 52 £ 15% <0.001
PVR (Wood units) 1.4+ 05 5.8 £ 4.4 15.8 £ 6.4*t <0.001
PA saturation (%) 755 70+7 57 £ 7* <0.001
Cardiac Index (L/min/m?) 35+ 1.1 2.7+05 1.8 £ 0.2* <0.001
RVSWI (g-m/m?) 85+25 14.5 £ 5.3* 12.8 £ 2.5*% 0.03
Echocardiography measures
Estimated LVEF (%) 60+ 0 60+ 3 59+7 NS
Estimated TR severity 1.5+£13 1.4+0.8 2.1+1.0 NS
RV FAC 0.52 £0.12 0.31 £0.08 0.19 £ 0.04* <0.001
Blood chemistry
Serum sodium (mEq/L) 141 £2 141 £2 141 £2 NS
BUN (mg/dL) 13£2 166 23 + 10* 0.03
Serum creatinine (mg/dL) 0.7 £ 0.1 1.0+04 1.2 £0.2* 0.01
BNP (pg/mL) 1715 169 *+ 249 1012 £+ 1228* 0.01
PUR, pLImoany okl restance, RUSWh L vemecion ke moskidex; LR Ietvonticair Saction foction: T8, euepi regtegiation: & FAC. et entreuin Eactons
ﬁlﬁ?m?l?%ﬁ;O?gybﬂ?gigrrsefsgg?gén; BNP, brain naturetic peptide; and NS, not significant. Data are mean + standard deviation. “p < 0.05 PH-C versus Normal or PH-D versus

Table 1. Patient characteristics of the three groups.

above Normal compared with 45% for infundibular diameter).
Although hypertrophy in PH-D prevented further increase in wall
stress, this was not sufficient to normalize it. A cutoff of 11 kPa
for wall stress and 6.5 mm for end-systolic WT, as determined
by ROC analysis, defined progression of disease in the three
cohorts (Figure 3).

Association between regional and global RV measures of
disease progression in PH

Progression of disease from Normal to PH-C to PH-D may
be better understood by simultaneously evaluating changes in
regional and global indices of RV function. For example, the
three groups could be separated on the basis of infundibular wall
fractional thickening and RA pressure or cardiac index (Figure 4).
While infundibular wall fractional thickening (a regional measure)
of 54% distinguished Normal from PH patients (PH-C and
PH-D) as determined by ROC analysis (sensitivity 83%, specificity
of 81%, AUC = 0.93), the global indices (RA pressure or cardiac

296 CTS VOLUME 2 - ISSUE 4

index) were abnormal only in more advanced disease (PH-D).
Thus, regional RV dysfunction appears to precede hemodynamic
decompensation. This finding is paralleled by noninvasively
derived measures, such as RV stroke volume index calculated
from MSCT, and a cutoft of 35 mL/m? distinguished advanced
disease.

Discussion

There are three main findings of our study. First, there are
phenotypic differences in regional RV structure and function
occurring in PH even in the absence of hemodynamic RV
decompensation. Second, regional RV structural and functional
alterations occur heterogeneously and were most pronounced
in the infundibulum. Third, as PH progressed and global RV
function decompensated, further regional wall hypertrophy was
evident throughout the RV that stabilized, but did not normalize,
wall stress. The ability to distinguish RV dysfunction prior to
frank hemodynamic decompensation would be very useful for
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Figure 1. Representative RV short axis reformatted views in end-diastole
(A and C) and end-systole (B and D) from the RV MSCT protocol compar-
ing a patient with normal PA pressure (A and B) and a patient with PH
(C and D). The normal patient had a calculated RV FAC = 0.72, RA pressure 4 mmHg,
mean PA pressure 17 mmHg, and cardiac index 4.9 L/min. The patient depicted in
the lower panels had severe idiopathic pulmonary arterial hypertension and had a
calculated RV FAC = 0.18, RA pressure 10 mmHg, mean PA pressure 75 mmHg, and
cardiac index 1.8 L/min. In both patients, the RV cavity is well opacified and borders
are easily defined. In the PH patient, also note septal flattening and the dilated RV
with hypertrophied free wall and prominent trabeculations, findings not seen in the
normal patient. Arrows, top to bottom, indicate the three measured regions of the
RV wall (infundibulum, free wall, and inferior wall, respectively).

Infundibulum Free Wall Inferior Wall

©
A
——

Wall Thickness (mm)
> o
1 |
o ron
—e—i
>t
—e—
e
. o

Normal PH-C PH-D Normal PH-C PH-D Normal PH-C PH-D

B 200% -

Infundibulum Free Wall Inferior Wall

180% A
160%
140%
120% -
100% A

80% -

*

60% -

oot o

20% 4

Fractional Wall Thickening (%)

0%

Normal PH-C PH-D  Normal PH-C PH-D  Normal PH-C PH-D

Figure 2. (A) Regional RV wall thickness in end-diastole (ED, filled sym-
bols) and end-systole (ES, open symbols). (B) Corresponding fractional
wall thickening. ‘p < 0.05 PH-C versus Normal or PH-D versus Normal;
ip <0.05 PH-D versus PH-C.

Normal PH-C PH-D P
N 6 8 8
RV ESV (mL) 101 £ 49 | 158 £ 54 | 208 + 79* 0.02
RV EDV (mL) 184 £ 65 | 226 =+ 63 | 251 = 82 NS
RV Stroke 84 + 30 68 + 27 43 + 15* 0.02
volume (mL)
RV Cardiac 49+t22 (4215 (3613 NS
output (L/min)
RV Ejection 46 +9 30+ 13* | 18 £ 5* <0.001
fraction (%)
LV EDV (mL) 141 £50 | 112 £29 | 74 £ 23* 0.007
LV Ejection 66 £ 6 54 £ 15 65+ 13 NS
fraction (%)
RVEDV/LVEDV 1.3+£02 (2106 |35%1.1% | 0.001
LV, left ventricle; RV, right ventricle; PH, pulmonary hypertension; ESV, end-systolic
volume; EDV, end-diastolic volume; ES, end-systolic; ED, end-diastolic; and NS, not
significant. Data are mean = standard deviation. "p < 0.05 PH-C versus Normal or
PH-D versus Normal; tp< 0.05 PH-D versus PH-C.

Table 2. MSCT-derived global right and left ventricular measurements for the three
groups.

therapeutic decision making. These findings are novel and to our
knowledge have never been previously reported.

The regional variability in hypertrophy and dysfunction
suggests that differential remodeling is most prominent in the
infundibulum. Regional differences in RV wall deformation have
been reported in a canine study, in which acute occlusion of
the PA altered only infundibular deformation.’ Our findings also
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Figure 3. Infundibular wall stress versus wall thickness. Open symbols
represent individual patients; filled symbols represent group means with standard
error bars. Normal indicates patients with normal pulmonary artery pressure; PH-C,
pulmonary hypertension patients with hemodynamically compensated right ven-
tricular function; PH-D, pulmonary hypertension patients with hemodynamically
decompensated right ventricular function.

are consistent with other studies that have demonstrated regional
differences in RV function, showing a peristaltoid-like contraction
in which the infundibulum contracts last.'"®!' Late infundibular
activation would expose this segment to higher afterload (wall

VOLUME 2 « ISSUE 4

CTS 297




Simon et al. ® PHENOTYPING THE RIGHT VENTRICLE

A = J
18 3 |
d
164 © |
s |PHDL |
T 14 |
E t
g 12 4 3 |
2 g
o101 ""-"""—""-—"""-—""—""-—""-—""-—""-—"—"—"—"—"—"—"——— ——
x |
a A @
£ 8 A
S o | _}_
£ 6 o | A
© o »—e—%— o N
4 | A
°
24 N
PH-C t Normal
0 . ‘ ‘ ‘ ‘ ‘ ‘
0% 50% 100% 150% 200% 250% 300% 350%
B i Fractional Wall Thickening (%)
6 -
|
PH-C : Normal
57 | I a
|
] |
E 44 |
£ o
E 18 +
2
gailo !
° o} A
c
s ° 4 e °
s ° o
g 2 Hwo- = l_ .
3 O 8 d
1 i
PH-D |
|
0 | - - - - - .
0% 50% 100% 150% 200% 250% 300% 350%
i Wall Thickening (%)

Figure 4. Infundibular wall fractional thickening plotted against hemo-
dynamic measures of right ventricular function. Open symbols represent
individual patients; filled symbols represent group means with standard error bars.
(A) Right atrial pressure versus infundibular wall fractional thickening. Right atrial
pressure 210 mmHg was used to define hemodynamic right ventricular decom-
pensation. Infundibular wall fractional thickening of 54% distinguished patients with
normal PA pressure from PH patients (PH-C and PH-D). (B) Cardiac index versus
infundibular wall fractional thickening. A cardiac index of 2.0 L/min/m? distinguished
hemodynamically compensated RV function (PH-C) from hemodynamically decom-
pensated RV function (PH-D).

stress) during active contraction, which might be the mechanism
leading to preferentially reduced infundibular regional function
regardless of RV filling pressure and global function. Regional wall
fractional shortening of the infundibulum may represent an early
measure of RV myocardial dysfunction in response to chronic
pressure overload prior to hemodynamic compromise.

The degree of elevated infundibular wall stress was maintained
constant between PH with compensated and decompensated
RV function due to progressive wall remodeling. The longer
length of disease in PH-D than PH-C suggests that remodeling
is taking place over prolonged exposure to chronically elevated
PA pressures. Thus, infundibular wall stress increases prior to
wall remodeling, consistent with the concept that wall stress
triggers remodeling.'”” Our findings further suggest that wall
remodeling, though preventing further wall stress increases,
is not enough to prevent hemodynamic compromise. Quaife
etal. reported elevated wall stress in the mid RV free wall of PH
patients compared with normal patients along with elevated RV
end-diastolic WT."* Our findings in the infundibulum generally
agree with those of the latter study, however, the PH patients
they reported had a mean RA pressure of 8 mmHg and so would
largely have fallen into the PH-C group in the present study.
Thus, our study adds to these findings by documenting wall
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stress in PH patients with and without hemodynamically defined
RV decompensation. Similarly there is evidence that a reduction
in RV wall stress results in a regression of hypertrophy. For
example, Moulton et al. showed that RV wall stress and WT
decreased in PH patients after lung transplantation.'* More
recently, Reesink et al. showed similar results after pulmonary
endarterectomy.’

Based on these findings, we propose the following temporal
pattern of progressive RV dysfunction due to chronic pressure
overload: increased wall stress and decreased FW T associated with
regional remodeling occurs before hemodynamic compromise
of the RV; the subsequent response to elevated wall stress is
hypertrophy which prohibits further increases in wall stress
despite a rise in chamber pressure; this response is not enough
to prevent eventual hemodynamic compromise of the RV.

Methodological considerations

The small sample size and the experimental design of single
point in time measures, in which PH-D is a surrogate for a later
time point of disease, limit interpretation. Specifically, PH-D
patients were not a subgroup of PH-C patients at a later time point
but were entered into their respective study cohort based upon
hemodynamic measurements at the time of study enrollment.
Sequential imaging of patients is needed to confirm these results.
Given that the etiology of PH in the present study was diverse,
our findings are likely to be broadly applicable. The relatively
small number of patients in this study does not allow separate
subgroup analyses. MSCT is limited by radiation exposure, the
need for intravenous contrast, and in some cases, -blockers.
Although we used MSCT, any high fidelity RV images would
suffice such as the emerging role of magnetic resonance imaging.'®
Trabeculated myocardium is more technically difficult to measure
and could be a source of error. Acute administration of p-blockers
may affect the estimation of ventricle volumes, pressures, and
cardiac output.

Conclusions

Patients with different pulmonary and RV filling pressures
display significantly different phenotypes. Regional RV
remodeling and dysfunction are observable even in the absence
of frank hemodynamic RV decompensation, particularly of the
infundibulum. Characterization of regional RV remodeling and
function in PH may prove useful in therapeutic decision making
early in the disease process.
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